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HIV reverse transcrlptases (RTs) have few cysteine residues rda t.ive to other RTs and retain their DNA polymerization functions followin8 eheJ~),ieal 
modification by thiol.speeifie reagents. The functional role or ire cysteines in the fidelity of the DNA-dependent DNA synthesis of HIV RTs has 
been addressed by chemical modification of the wild-type enzy:.~es in combination with the analysis of an ermymatically active mutant HIV-I RT 
in which all eysteines were modified to serines. We have observed an increase in Y-terminal mispair extension efficiency exhibited by ehemi,:~.'dly 
modifi~l HIV-I and HIV-2 RTs. The possible involvement of eysteine residues was further substantiated asia8 the cysteine.free mutant I-IlIV-i 
RT that displays an increased efficiency of mispair extension. These results provide evidence for a possible role of,~steine residues in the flt"~:lity 

of DNA synthesis catalyzed by HIV RTs, 
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1. INTRODUCTION 

Human immunodeficiency viruses type 1 and 2 repre- 
sent a distinct group of  lentiviruses associated with ac- 
quired immunodeficiency syndrome (AIDS) [1,2], An 
important characteristic of HIV-1 and HIV-2 is their 
high genomic diversity 1"3-5]. It has been suggested that 
much of this genetic heterogeneity stems from the low 
fidelity of the reverse transcription step [6]. HIV-I RT 
was shown to be significantly more error-prone than 
other retroviral RTs due to its ability to elongate effi- 
ciently mismatched 3' termini of the primer DNA [7]. 
Our recent studies on fidelity of HIV-2 RT revealed that 
this enzyme extends 3' mispaired termini as efficiently 
as HIV-2 RT (Bakhanashvili and Hizi, submitted). 

Studies on the catalytic properties of  HIV-I and HIV- 
2 RTs revealed that the DNA polymerizing functions of 
both enzymes are completely resistant to sulfhydryl rea- 
gents [8], despite the fact that RTs are known to be 
sulfhydryl requiring enzymes [6]. This peculiar feature 
may result from the exceptionally low cysteine content 
of these RTs relative to other retroviral RTs. HIV-I RT 
has only 2 cysteines (at positions 38 and 280 from the 
amino terminus) and HIV-2 RT has 3 cysteines (at posi- 
tions 38, 280 and 445) out of a total of 560 and 559 
amino acid residues in HIV-1 and HIV-2 RTs, respec- 
tively. In contrast, MLV RT (with 671 amino acids) has 
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8 cysteines while avian sarcoma virus and avian ~ayelo- 
blastosis/sarcoma virus RTs have 12 cysteines in the fl 
subunit (895 residues long) and 8 cysteines in the ~t 
subunit (572 residues long) [9]. Interestingly, 'c3,s~eine 
rich' RTs, that are sensitive to suifhydryl reagent,~, were 
shown to have a relatively higher fidelity of DNA syn- 
thesis than HIV-1 RT [10]. Cysteine residues were found 
to be involved in the biological functions of  various 
enzymes [11,12]. Therefore, we examined the possibility 
that the low fidelity of HIV RTs may be associated with 
their low cysteine content. The functional role of cyste- 
ine residues in both HIV RTs has been addressed by 
chemical modification of native enzymes in combina- 
tion with analysis of an enzymatically active mutant 
HIV-1 RT that lacks cysteine residues. The results pre- 
~ented herein demonstrate that cysteine residues of 
HIV-I and HIV-2 RTs might be involved in th~ fidelity 
of the DNA-dependent DNA synthesis. 

2. MATERIALS AND METHODS 

2.1. Enzymes 
All RTs wild type and mutant used in this study were recombinant 

enzymes expressed by us in E. coll[l 3-15] and purified to homogeneity 
according to Clark et al. [16]. The specific activities of the different 
RTs used were 4,000-5,000 units per/.t$. One unit is de~ned as the 
anrount of enzyme that catalyzes the incorporation of I prnol dTMP 
into DNA in the poly(rA)~ • oligo(dTh,_t~-directed reaetic~a in 30 rain 
at 37°C 1"20). 

2.2. Template primers 
The template single-stranded #x174am "~ DNA was pri~,~ed with a 
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twofold molar excess of the 16met oligon ucleotide, that hybridizes to 
the nuclcotides at positions 587 to 602 of the 0xl74am "~ DNA. Four 
versions of the 16-base primers were ~ynthesized s~paratetv. They are 
identical except that the 3' terminal base (N) contains either an A, C, 
G or T (5' AAAGCGAGGGTATCCN 3') (see Chart 1). The primers 
were 5'-end labeled with 1"4 polynuclcotid¢ kinase and [~,-'UP]ATP and 
annealed to the template DNA as described [17]. 

2.3. DNA polymeri'.ation reaction 
The DNA polymerization reactions for HIV RTs contained 20 mM 

Tris-HCl (pH 7.5L 2 mM DTT, 10 mM MgCl,, 0.1 m~ml bovine 
serum albumin, primed DNA and various concentrations of dATP. 
For MLV RT, the reactions were carried out in the presence of 0.5 
mM MnCI~ substituting for MeCh. Reactions were incubated at 30~C 
for 10 mix. Atiquots (5 #1) were removed into 5/~1 of formamlde dye 
mix, denatured at 100°C for 5 mix, cooled on ice and analyzed by 
electrophoresis through 20% polyacrylamide gels and quantified by 
densitometric scanning of gel autoradiographs. Before measuring the 
kinetic constants for elongathig the primers, a time-course study was 
done for each paired and mispaired terminus to determine the range 
of time during which the products accumulate linearly with time. 

3. RESULTS AND DISCUSSION 

Since extension of mismatched 3' DNA termini was 
found to be a major determinant of the infidelity of both 
HIV RTs, we analyzed this parameter as representing 
the fidelity of DNA synthesis. We used the four tem- 
plate-primer substrates as described in Chart 1. The 
four 16-base oligonuclgotide primers were identical ex- 
cept that each has a different 3'-terminal nucleotide A, 
C, G, or T (designated as N). Consequently, the A:A, 
A:C, or A:G mispairs and the A:T correctly paired 3' 
terminus were produced at position 587 by hybridizing 
the primer oligonucleotides to the ~x174am 3 DNA tetn- 
plate. 

We examined the possibility that the low fidelity of  
HIV-I and HIV-2 RTs might be associated with their 
low cysteine content. To test this, the number of free 
eysteines was reduced by either chemical modifications 
or by site-directed rnutagenesis and the fidelity of the 
modified HIV RTs was assayed. MLV RT could not 
serve as a control, because it is totally inactivated by the 
thiol reagents [8]. Both HIV RTs were modified by ei- 
ther one of the thiol-specific reagents: N-ethylmaleimide 
(NEM) or iodoacetamide ([AA). The catalysis of the 
extension from preformed mispairs by the HIV RTs was 
studied by measuring primer elongation in a DNA-de- 
pendent DNA polymerization reaction using dATP as 
the only deoxynacleoside triphoshate. There is a signif- 

5 32P 16mertN 
ATGTTTC - -  f 

587 582 

Chart I. Primer-template used for maalysis el" terillillal n'li.qmatch exci- 
sion and for measuring extension kinetics for matched and mis- 
matched primer Y-terminal bases. The primer is 16 nucleotides long 
with Y terminal nucleotide N, representing A, C, G or T, and annealed 

to a complementary section of~x 174am ~ DNA template. 
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Fig. 1. Mispair extension by chemically modified HIV-I and HIV-2 
RTs and mutant cysteine free HIV-I RT. Oligonucleotide primers 
were hybridized to ex174am ~ DNA (0,022 pmol) to produce 3'-termi- 
nal mispairs at position 587 and extended with equal activities of either 
HIV-2 RT (A), HIV-1 RT or cysteine-frec mutant HIV-I RT (B). In 
the case of mispair extension with modified enzymes. RTs were pro- 
incubated with 10 mM NEM or 10 mM IAA for 30 min on ice. The 
extension reactions from A:A (a), A:C (b) and A:G (c) mispairs were 
carried out in the presence of 1 mM dATP as described in section 2. 

leant difference in mispair extension efficiency between 
the wild-type HIV RTs and the enzymes chemically- 
modified by NEM or IAA (Fig. 1). In the case of HIV- 1 
RT, the chemically modified enzyme extends the pre- 
formed A:A mismatch more efficiently than did the un- 
modified enzyme as evident by the increase in the length 
of  the oligonucleotide primers from 16 to 22 nucleotides 
(Fig. 1 B, lanes a). In the case of HIV-2 RT the modified 
enzyme exhibits an there.axe in extension efficiency from 
A:C and A:G mispairs as well as fi'om the A:A mispair 
(Fig. I A, lanes b and c). The similar pattern of mispair 
extension obtained by HIV-2 RT with both modifiers 
implicates cysteincs as the major target for the chemical 
modification. Therefore, we further analyzed the effi- 
ciency of mispair extension by IAA-modified HIV-2 RT 
as representing the sulfh:/dryl-modified enzyme. The ki- 
netics of mispair extension as a function of increasing 
concentration of dATP are shown in Fig. 2. Extension 
rates from all mispairs were estimated from the double 
reciprocal curves of Vvs. iS] and the kinetic parameters 
are summarized in Table I. The apparent Km values for 
nucleotide addition onto the A:A, A:C and A:G mix- 
pairs were 1,000- to 3,000.foid greater than those ob- 
served with the correctly paired A:T terminus. How- 
ever, the apparent V~,~ values calculated for extension 
from the mispairs were 10-fold lower than those ob- 
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Fig, 2, Kinetics of mispair extension by iodoacetamide modified HtV-2 RT, Oligonueleotid¢ primers were hybridized to 0xl74am ~ DNA (0,022 
pmol) to produce the indicated Y-terminal mispairs at position 587 and extended by IAA-modified HtV-2 RT. HIV-2 RT was modified by 
preineubation with 10 mM IAA for 30 rain on ice. Each extension reaction contained 0, 0,025, 0.05. 0.1, 0.5 or 1 mM dATP as the only 
deosynu¢leosid¢ triphosphate substrate. Polyaerylamide gel electrophoreti¢ analysis of the extended primers from A:A (o), A:C (o) and A:G (A) 

mispairs are shown in the upper panel at lea, center and right, respectively, The primer po.~ition is indicated by an arrow. 

served with the correctly paired terminus. As with un- 
modified HIV-2 RT, the efficient extension of mispairs 
with IAA-modified HIV-2 RT was dominated by a Km 
effect. The extension frequencies were defined as the 
ratios of apparent V,~,,,/K,~ values. The ratio of  mispair 
extension efficiency of IAA-modified HIV-2 RT relative 
to that of  the unmodified KT indicates the greatest in- 
crease in extension frequency (by about 8-fold) from the 
A:A mispair. Indeed, while the extension frequency 
from A:A mispair with HIV-2 RT was 1/23,000, it ap- 
peared to be 1/2,800 with the modified enzyme. Further- 
more, the extension frequency from the A:G mispair 
was about 3-fold greater with the modified enzyme (1/ 
12,000) than with the wild-type enzyme 0/35,000). 

The enhanced extension frequency is likely to result 
from the modification of  cysteine residues. However, 
being highly specific, the modificati 3n of proteins with 
NEM or IAA has been used to study the role o f a  thiol 
group in the function of numerous enzymes, although 
there are few cases in which they are not completely 
specific to cysteines. To further support the putative 
involvement of  eysteines in the efficiency of  mispair 
extension, we have studied a double mutant of HIV-1 
RT, in which the only two cysteines (Cys-38 and Cys- 
280) were modified to serines [27]. Like the chemically 

modified HIV RTs, this mutant enzyme displays an 
increase in extension efficiency (Fig. I B). The kinetics 
of mispair extension as a function of  increasing concen- 
tration of dATP are shown in Fig. 3. The kine';c para- 
meters were calculated as described above, and the re- 
sults are summarized in Table II. As with the wild-type 
enzyme, the extension ofmispairs by the mutant enzyme 
was manifested through the differences in apparent Km 
values, calculated for the correct and incorrect nucleo- 
tides. Furthermore, the extension frequency from A:A 
mispair is 3-fold greater in the presence of mutant en- 
zyme (1/6,500) compared to wild-type enzyme (1/ 
20,000). The extension frequency from A:G mispair is 
also about 2-fold greater with the mutant enzyme (1/ 
15,000) compared to the wild-type enzyme (1/27,000). 
The quantitative effect of  the eysteine modification on 
the extension of  mismatches varies greatly depending on 
the mismatch examined (Tables I and II). 

The reduced fidelity of  the mutant HIV-I RT possibly 
implicates cysteine residues in the accuracy of  the DNA 
dependent DNA polymerization. Likewise, it was re- 
cently reported that tyrosine residues are involved in the 
fidelity of DNA synthesis of the Klenow fragment of  E. 
coli DNA Pol I [19], in which the replacement of  Tyr- 
766 by Ser led to an increased incidence of misincorpo. 
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Fig. 3. Kinetics of mispair extension by eysteine-free HIV-I RT. The experiments were conducted with eysteine-free HIV-I RT and analyzed as 
described in detail in Fig. 2. 

Table I 

Kinetics of mispair extension by iodoacctamide-modified HIV-2 RT 

Primer-tern- K~ 0tM) 
plate 

V,,,,~ Relative Ratio of 
%/rain entension extension 

efficiency e~ciencies 
(modified/ 
unmodified 

RT*) 

/A 64__.7.1 0.8_+0.09 1/2,800 8 
A-  

/C 40_+3.8 1.3+_.0.07 1/1,100 2 
A -  

/(3 90+19.2 0.25-+0.009 1/12,000 3 
A-  
T 0.037-',0.0041 1.33+0.057 1 1 
A -  

Cx174am ~ DNA was primed with 16met oligonucleoti&-' primers to 
produce the indicated 3' termini. Extension reactions (10 min, 30°C) 
contained 0, 0.025, 0.05, 0. I, 0.5, or I mM ofdATP and IAA-modified 
HIV-2 RT (see Fig. 2). The percentase of 16mer extended by at least 
one nueleotide was quantitated as described in section 2. The apparent 
K m and V,~ values _ S.E. were determined by the method of Wilkin- 
son [18]. Relative extension frequencies are ratios of the rate constant 
(V.JK,,,) for the mispair divided by the corresponding rate constant 
for the paired A:T terminus. The relative extension frequencies for 
wild.type HIV-2 RT were calculated previously (Bakhanashvili and 
Hizi, submitted) and found to be 1/23,000 for A:A mispair, I/1,900 for 

A:C, and 1/35,000 for A:G. 

r a t i on .  T h e  b i o c h e m i c a l  ro le  o f  the  c y s t e i n e  r e s idues  in  
the  m i s p a i r  e x t e n s i o n  r e a c t i o n  is st i l l  o b s c u r e  a n d  d e -  
serves  m o r e  t h o r o u g h  s tudies .  Cys t e ines  were  r e p o r t e d  
to  a f fec t  se lect ive  ac t iv i t i es  o f  seve ra l  e n z y m e s .  T h u s ,  a 
se lec t ive  m e t a l  b i n d i n g  to  Cys -78  o f  T 4  e n d o n u c l e a s e  V 

Table II 

Kinetics of mispair extension by cysteine-free HIV-I RT 

Primer-tern- K., ~ M )  V,~, Relative Ratio of 
plate %/min extension extension 

frequency frequencies 
(cys-free/ 
wild.type 

HIV.1 RT) 

/A 58__.7.1 0.43+0.041 I/6,500 3 
A-  

/C 30_+2.9 1.25"2_0.09 1/1,200 2 
A- 

/G 82+7.4 0.25_0.01 1/15,000 2 
A-  
T 0.034_0,0031 1,65 l l 
A-  

The extension reactions were conducted with eysteine-free H!V-I RT 
(see Fi 8. 3) and analyzed as described in Table I. The relative extension 
frequencies for wild-type HIV-I RT were ¢.aleulated previously 
(Bakhanashvili and Hizi0 submitted) and found to be 1/20,000 for A:A 

mismatch, 1/2,500 for A:C, and 1/27°000 for A:G. 
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caused an inhibit ion o f  the D N A  incision performed by 
the enzyme [11]. Muta t ion  o f  the cysteine residue in the 
S. cerevisiae R A D 6  protein abolishes its ubiquit in-con- 
jugat ing activity required for D N A  repair [12]. 

There  are several interesting differences in the in- 
crease in mispair  extension frequency detected for the 
chemically-modified HIV-2 R T  and the muta ted  HIV-1 
RT.  Chemically-modified HIV-2 RT extends  all mis- 
matches more  efficiently than  do  chemically modified or 
mutated HIV-1 RT.  These differences may  be  due to th¢ 
involvement o f  th~ third cysteine residue (Cys-445), that 
is found only  in HIV-2 RT.  Consequent ly  we have 
begun to investigate the role o f  each ¢ysteine residue in 
the fidelity o f  DNA-dependen t  D N A  polymeriza t ion 
using mutan ts  o f  HIV-I  and HIV-2 RTs,  in which the 
eysteines were individually modified. 

Acknowh, dgements: We are indebted to S. Hughes for the supply of 
purified recombinant reverse transcriptases, and to S. Loya and M, 
Shaharabany for helpful discussions and to L. Newstead for typing the 
manuscript, This research was supported by Grant NO Ai27035 from 
the National Institute of Allergy and Infectious Diseases. 

R E F E R E N C E S  

[I] Barre-Sinoussi, F,, Chermanu, J,C., gey, F,, Nugeyre, T, Cha- 
maret, S,, Gru~st, J., Danguet, C,, Axler-Blin, C., Vezinet-Brun, 
F.. Rouzioux, C., Rozcnbaum, W. and Montagnier. L. (1983) 
Scienc~ 220, 868-870. 

[2] Clavd, F., Guetard, D., Brun-Verinet, F., Chamaret, S., Rey, 
M.A,, Santos-F~rreira, M,O., Laurent, A,G.. Dauguet, C,, Kat- 

lama, c.. Rouzieux, C., Klatzmann, D.. Champalimaud, J. and 
Montagnier, L. (1986) Science 233, 343-346. 

[3] Nowak, M. (1990) Nature 347, 522-52..'r~?... 
14] Coffin, M, (1986) Cell 46, 1--4. 
[5] Katz, R.A, and Skalka, A.M. (1990) Anna. Rev. Genet. 24, 

409-415. 
[6] Goff, S,P. 0990) J. AIDS 3. 817-831, 
[7] Perrino, F.W., Preston, B,D.. Sandell, L.L. and Loeb, L.A. 

(1989) Prec. Natl, Ac.ad. SCi. USA 86, 8343-8347. 
[8] Hizi, A,, Tal. g., Shaharabany, M. and Loya, S, (1991) J. Biol, 

Chem. 266, 6230-6239. 
[9] Weiss, R,. Teich, N., Varmas, H.E. and Coffin. J. (1985) RNA 

Tumor Viruses, Cold Spring Harbor Laboratories, Cold Spring 
Harbor, NY. 

[10] Roberts, J.D., Benebek, g. and Kunket, T.A. (1988) Science 242. 
1171-1173. 

[11] Prince, M.A., Friedman, B., Gruskin, E.A., Schroek, R.D. and 
Lloyd, S,R. (1991) J. Biol. Chem. 266, 10686-10693. 

[12] Sang, P,, Prakash, S. and Prakash, L. (1990) Prec. Natl. Aead. 
Sci, USA 8% 2695-2699, 

[13] Hizi, A., McGill, C, and Hugh., S.H. (1988) Prec. Natl. Acad. 
Sci, USA 85, 1218-1222, 

[14l Hizi, A., Tal, R, and Hughes, S,H, (1991)Virology 180, 339-346. 
[15] Hizi, A,, Shaharabany. M,. Tal, R, and Hughes, S.H. (1992) J. 

Biol, Cheln. 267, in press. 
[16] Clark, P.K,. Ferris, A.L., Miller, D.A., Hizi, A.. Kim, K.W., 

Deringer-Boyer, S,M., Mellini, M.L., Clark Jr., A.D.. Arnold. 
G.F., Lebherg Ill, W.B,. Arnold, E., Muschik, G,M, and 
Hughes, S.H. (1990) AIDS Res. Hum. Retroviru~.'s 6, 753-764. 

[17] Maniatis, T., Fritsch, E.F. and Sambrook, J. 0982) in: Molecular 
Cloning: A Laboratory Manual, Cold Spring Harbor Labora- 
tory, Cold Spring Harbor, New York. 

[18] Wilkinson, J.N. (1961) Bioehem. J. 80, 324-332. 
[t9] Carroll, S.S., Cowart, M. and Benkovic, S.J. 0991) Biochemistry 

30, 804-813. 

293 


